The promise of bispecific antibodies (bsAbs) to yield more effective therapeutics is well recognized; however, the generation of bsAbs in a practical and cost-effective manner has been a formidable challenge. Here we present a technology for the efficient generation of bsAbs with normal IgG structures that is amenable to both antibody drug discovery and development. The process involves separate expression of two parental antibodies, each containing single matched point mutations in the CH3 domains. The parental antibodies are mixed and subjected to controlled reducing conditions in vitro that separate the antibodies into HL half-molecules and allow reassembly and reoxidation to form highly pure bsAbs. The technology is compatible with standard large-scale antibody manufacturing and ensures bsAbs with Fcmediated effector functions and in vivo stability typical of IgG1 antibodies. Proof-of-concept studies with HER2×CD3 (T-cell recruitment) and HER2×HER2 (dual epitope targeting) bsAbs demonstrate superior in vivo activity compared with parental antibody pairs.
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immunotherapy | pharmacokinetics | anti-tumor T he prototypic monoclonal antibody (mAb) used in human therapy contains two identical antigen-combining sites and thus binds monospecifically and bivalently. Due to the multifactorial nature of certain diseases, however, not all patients respond adequately to monospecific antibody therapy. This heterogeneity is one of the main reasons why antibodies containing two distinct binding specificities, i.e., bispecific antibodies (bsAbs), are thought to have great potential as dual-targeting therapeutic agents, as also illustrated by the expanding number of bsAb-based formats in development (1) . However, the general application of most of these formats for therapeutic use has been hampered by shortcomings with respect to physicochemical stability, pharmacokinetic properties, immunogenicity, and scalability of manufacturing and purification (2) (3) (4) . Furthermore, the inherent design of most bsAb-based formats precludes efficient screening of large numbers of bispecific combinations or requires reengineering on final candidate selection (5) .
As each antigen-combining site is formed by the variable domains of both heavy (H) and light (L) chains, VH and VL, respectively, one of the initial challenges in bsAb development (quadromas coexpressing two H and two L chains) was in obtaining sufficient yield of the functional bsAb from the mixture of 10 possible H 2 L 2 combinations (6). Since then, strategies to circumvent H-L chain mispairing [e.g., common L chain (7), speciesrestricted H-L chain pairing (8) , crossover of CL and CH1 domains (9) ] in combination with strategies to promote heterodimerization of the two H chains [e.g., "knobs-into-holes" (7), electrostatic steering (10), strand-exchange engineered domains (SEED) (11) ] have increased homogeneity and yield of the desired end product (2) . Alternatively, approaches using additional VH-VL pairs (12) , single-chain (sc)Fv (13) (14) (15) (16) , or domain antibody (dAb) (17, 18) fragments for target binding allow incorporation of multiple antigen-combining sites in a single polypeptide chain (or single HL pair), which also increases product homogeneity and yield, although often at the expense of the physicochemical and/or pharmacokinetic properties of these agents (1-4).
Human IgG4 molecules form bsAbs through a physiological process termed Fab-arm exchange (FAE), in which half-molecules (HL pairs) recombine with half-molecules from other IgG4 molecules (19) (Fig. 1A) . This process occurs naturally in vivo and can be mimicked in vitro by the addition of mild reducing agents (19) . The molecular determinants driving FAE in humans were identified by site-directed mutagenesis as residues S228 (19, 20) , located in the IgG4 core hinge, and R409 in the IgG4 CH3 domain (21) . Thus, whereas replacing either of these residues in IgG4 by their IgG1 counterpart (i.e., P228 or K409) blocked FAE both in vitro and in vivo, introducing both residues enabled IgG1 molecules to engage in FAE (21) . Because breaking the covalent linkage between half-molecules is a prerequisite for FAE, residue S228 (opposed to P228) is thought to act by making the interheavy chain disulfide bonds more susceptible to reducing conditions (22) . Dissociation of the noncovalently associated CH3 domains has been shown to be the rate-limiting step in the FAE reaction (23) and heavily dependent on the composition of the CH3-CH3 interface residues (24) . Indeed, residue R409 decreased the CH3-CH3 interaction strength (compared with K409 in IgG1), thus enabling human IgG4 to engage in FAE (21) .
Because FAE is dynamic in nature, the resulting bsAbs, with two defined specificities, only exist transiently in a polyclonal setting in vivo (20) , making bispecific IgG4 unsuitable for use as a dual-targeting therapeutic. However, the mechanism of FAE represents an attractive method for creating bsAbs, potentially overcoming limitations encountered by other strategies. In this study, we describe a method for the efficient generation of stable bispecific IgG1 molecules through a process termed controlled FAE (cFAE).
Results

Matched CH3 Domains in Combination with 2-MEA-Mediated Reduction
Led to Efficient bsAb Formation. We previously reported that rhesus monkey (Macaca mulatta) IgG4 could engage in FAE (21) . In follow-up experiments, studying interspecies FAE with recombinant human and rhesus (rh)IgG4 molecules, we and others (25) observed an unexpected increase in bispecific signal, compared with intraspecies FAE, suggesting more efficient bsAb generation (Fig. S1A) . The increase in efficiency could be harnessed in IgG1 molecules by introducing rhesus IgG4-specific CH3 residues, I350, T370, and L405 (ITL) in a human IgG1 backbone containing the P228S hinge mutation and performing FAE in combination with human IgG4 (Fig. S1B) .
Furthermore, in a parallel effort to identify conditions that could support in vitro exchange of a stable IgG1 (i.e., P228) hinge, which intrinsically does not allow FAE in vivo (20) , several reducing agents were evaluated (Fig. S2 ). This evaluation included 2-mercaptoethylamine-HCl (2-MEA), a mild reducing agent, which could efficiently bypass the IgG1 hinge (in the context of permissive CH3 domains) at concentrations ranging from 15 to 50 mM (which was the highest concentration examined).
Combining these two observations led to a proposed method for the generation of bsAbs, in which two IgG1s, each containing matched CH3 mutations, are produced separately and subsequently recombined by 2-MEA-mediated FAE (Fig. 1B) . The matched CH3 mutations are required to decrease the interaction strength in both CH3 homodimers sufficiently to enable FAE, but at the same time promote more efficient CH3 heterodimerization and prevent further exchange. To find such mutations, residues L368, K370, D399, F405, and Y407, surrounding R409 in the opposite CH3 domain (Fig. 1C) , were individually mutated (into all natural amino acids except C and P) and introduced as single point mutations into human IgG1 monoclonal antibody (HuMab) 2F8 (26) , directed against epidermal growth factor receptor (EGFR). The resulting proteins were mixed with equimolar amounts of an IgG1-K409R version of HuMab 7D8 (27) , directed against the CD20 antigen, and incubated for 90 min at 37°C in PBS supplemented with 25 mM 2-MEA. After removal of 2-MEA by buffer exchange to PBS, the mixtures were assessed by means of dual-binding ELISA for their ability to support 2-MEA-mediated FAE (Fig. 1D) . Mixtures of IgG1-F405L-EGFR [containing the CH3 determinant responsible for FAE in rhesus monkeys (21) ] and IgG1-K409R-CD20 were included on each assay plate and used as reference value.
Mutating residues Y407, L368, F405, K370, or D399 resulted in numerous IgG1-EGFR point mutants that could efficiently recombine with IgG1-K409R-CD20 through 2-MEA-mediated FAE (Fig. 1D) . Thus, a number of solutions for increased heterodimerization through FAE could be identified. Together, these results show that matched CH3 domains in combination with 2-MEA-mediated FAE can be used to efficiently generate bispecific (bs)IgG1 molecules. From here on, this process is referred to as controlled (c)FAE, and the specific combination of IgG1-K409R and IgG1-F405L was subjected to further indepth analysis.
cFAE Is an Efficient and Flexible Process with Linear Scalability. To determine the optimal conditions for cFAE, the influence of several parameters on the generation of bsAb, from an equimolar mixture of IgG1-F405L-EGFR and IgG1-K409R-CD20 (1 mg/mL total IgG in PBS), was studied by means of dualbinding ELISA. Testing various incubation temperatures (0, 15, 25, and 37°C) as a function of time revealed that maximal exchange, mediated by 25 mM 2-MEA, could be observed by incubating at least 60 min at 37°C or 180 min at 25°C ( Fig. 2A) . Varying the 2-MEA concentration (0-50 mM) during a 90-min incubation at 37°C showed that exchange occurred at concentrations greater than 2 mM 2-MEA, and maximal exchange could be observed at concentrations of 25 mM 2-MEA and higher ( Fig.  2B ), thus confirming previous findings (Fig. S2 ). Under the same conditions, a mixture of IgG4-EGFR and IgG4-CD20 showed lower levels of bispecificity; however, the exchange occurred over a wider 2-MEA concentration range (Fig. 2B ).
Electrospray ionization mass spectrometry (ESI-MS) represents a generic method to discriminate between nonexchanged parental mAbs and the resulting bsAb product with intermediate mass (20, 24) . Therefore, ESI-MS was used to visualize the protein species in the samples used to generate the ELISA data in Fig. 2B . This analysis revealed that in accordance with the ELISA data, protein species corresponding to the parental mAbs, IgG1-F405L-EGFR and IgG1-K409R-CD20, were diminished at increasing 2-MEA concentrations, whereas the bsAb product increased accordingly (Fig. 2B , right y axis). The exchange between the corresponding IgG4 molecules resulted in ∼50% bsAb product, as expected at equilibrium with an equimolar input of parent molecules (Fig. 2B ). Due to their overlapping molecular weight peaks, however, accurate estimation of small amounts of residual IgG1-F405L-EGFR and IgG1-K409R-CD20 homodimer species was not possible (Fig. 2C) .
As ESI-MS data are not inherently quantitative (in addition to the peak overlap noted above), complementary methods to determine cFAE efficiency are required. Here, cation exchange chromatography (CIEX) was used to study cFAE efficiency. In the case of IgG1-F405L-EGFR and IgG1-K409R-CD20, an improved separation of parental mAbs and bsAb product enabled visualization of residual homodimers, and cFAE efficiency was shown to be 95.7% (Fig. 2D ). To verify that cFAE can be generally applied, additional bsIgG1 molecules were prepared using additional human mAbs (Tables S1 and S2 ) and analyzed by CIEX (Fig. 2E) . The results show that cFAE can be generally applied to prepare bsIgG1, and efficiencies of 94-98% can routinely be obtained.
The bench-scale cFAE process (0.1-3 mL) was further optimized for large scale, involving exchange at high IgG concentrations at ambient temperature, thus preventing the need for heating of the exchange mixture during manufacturing. For this, IgG (IgG1-F405L-EGFR and IgG1-K409R-CD20) and 2-MEA concentrations were first evaluated as a function of reaction temperature and incubation time. Exchange efficiency was determined by CIEX after removal of residual 2-MEA by gel filtration. Optimal exchange was obtained by incubation of 10 g/L of each homodimer in the presence of 50 mM 2-MEA for 5 h at 25°C, whereas longer incubation times and higher reaction temperatures resulted in additional basic peaks (Fig.  3A) . SDS/PAGE analysis confirmed proper assembly of bsIgG1- heterodimer interface. Modeling was done using PDB entry 1L6× for IgG1 Fc (28) and described previously (21) . Only relevant side chains are shown in stick representation. The K409R substitution is depicted in green. Structural images were generated with PyMOL software (DeLano Scientific). (D) Matched CH3 mutations were identified by site-directed mutagenesis of residues Y407, L368, F405, K370, and D399. Bispecific antibodies obtained by cFAE (25 mM 2-MEA, 90 min at 37°C) were assessed by dual-binding ELISA. Signals were normalized to that of the combination of IgG1-K409R-CD20 × IgG1-F405L-EGFR (orange bar). Residues present in WT IgG1 are indicated by arrows. Mixtures of IgG4-CD20 × IgG4-EGFR were included as reference (gray dashed line). Data represents the mean ± SEM of at least two separate experiments at a total antibody concentration of 1 μg/mL. EGFR×CD20 after 5 h at 25°C, whereas overnight incubation resulted in more product-related impurities lacking at least one light chain (Fig. 3B) .
The optimized conditions were subsequently scaled to a 25-L exchange reaction. The quantities of homodimers required for large-scale manufacturing were expressed using stable CHO cell lines and purified using routine unit operations commonly used for regular human IgG1. The exchange setup at 25 L was first tested using a total IgG concentration of 1 g/L, before it was run at a total IgG concentration of 20 g/L. In both cases, residual 2-MEA was removed by diafiltration. Comparison of cFAE conditions and buffer exchange at a small and large scale is shown in Table 1 . The obtained exchange efficiencies of 93.0% and 94.7% were in line with the results obtained at bench scale (94.6%), showing excellent scalability of cFAE (Fig. 3C) . Analysis of the product quality by SDS/PAGE and HP-SEC confirmed proper assembly of bsIgG1-EGFR×CD20 and the absence of aggregates (Fig. 3 D and E) . Product quality was corroborated by additional biochemical analysis (Fig. S3) . There was no detectable change in product quality over a 6-mo period at 5°C (Fig. 3 F-H) , demonstrating suitable in vitro stability. As expected, some degradation was observed after that period at 25°C, and substantial degradation was observed at 40°C. Altogether, these data convincingly show that cFAE is readily scalable.
Regular IgG1 Functional Properties Are Retained in cFAE-Derived bsIgGs. As the matched mutations are located at the CH3-CH3 interface, away from complement and Fc-receptor binding sites (28, 29) , it is unlikely that IgG1 effector functions are affected. To confirm that Fc-mediated effector functions were not influenced by the matched mutations, bsIgG1-CD20×CD20 was prepared by cFAE and, together with the parental mAbs, compared with WT IgG1-CD20 for its ability to induce complementdependent cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC). Thus, CD20-positive Daudi cells were incubated with serially diluted antibodies in the presence of human complement (CDC) or peripheral blood mononuclear cells (PBMCs) (ADCC), and cell viability was assessed by flow cytometry or 51 Cr-release assay, respectively. The analysis revealed no significant differences between bsIgG1-CD20×CD20, IgG1-F405L-CD20, IgG1-CD20-K409R, and WT IgG1-CD20 in the ability to lyse Daudi cells by either CDC (Fig. 4 A and B) or ADCC (Fig. 4 C and D) . In contrast, bsIgG1-EGFR×CD20 was less efficient in lysing Daudi cells by CDC, probably as a result of reduced avidity due to monovalent interaction (Fig. 4B) .
To verify that the matched mutations did not adversely affect the pharmacokinetic (PK) properties, a single dose of bsIgG1- Tables S1  and S2 for more details), and the generation of bsAbs by cFAE (25 mM 2-MEA, 90 min at 37°C) was monitored by CIEX. EGFR×CD20 (5 mg/kg) was injected i.v. in SCID mice and compared with a WT IgG1 PK profile. Additionally, to rule out engagement of bsIgG1 in FAE with IgG4, one group of mice received bsIgG1-EGFR×CD20 (5 mg/kg) in combination with a 10-fold excess of human IgG4 (50 mg/kg). The analysis showed that cFAE-derived bsIgG1 had a comparable PK profile to that of WT IgG1 and that this was not influenced by the presence of an excess of IgG4 (Fig. 4 E and F) . Together these results show that the matched mutations had no effect on regular IgG1 effector functions and PK properties.
Efficient Tumor Killing by bsIgG1s Using Dual-Targeting Approaches Against HER2. Human epidermal growth factor receptor 2 (HER2) is a member of the EGFR family and represents a clinically wellvalidated target for antibody therapy (30) . Besides naked (31, 32) and drug-conjugated (33) antibody approaches, HER2 is also being evaluated in dual-targeting strategies, involving (re)targeting of CD3-positive T cells to HER2-positive tumors by means of bsAbs (34, 35) . Here we evaluated the in vitro and in vivo efficacy of cFAE-derived bsIgG1-N297Q-CD3×HER2 169 (Table S1 ).
Because simultaneous binding to both T cells and HER2-positive tumor cells is a prerequisite for T-cell (re)targeting, this was first confirmed by flow cytometry (Fig. S4 A and B) . T cellmediated cytotoxicity was assayed in vitro using AU565 target cells cocultured for 2 d with PBMCs in the presence of serial diluted bsIgG1-N297Q-CD3×HER2 169 or control antibodies. Killing of AU565 cells was then determined by measuring cell viability using alamarBlue. The results showed that, whereas control antibodies were ineffective at concentrations up to 40 μg/mL (267 nM), bsIgG1-N297Q-CD3×HER2 169 was highly effective in killing AU565 cells, with half-maximal cytotoxicity obtained at concentrations as low as 142 pg/mL (Fig. 5A) . Moreover, T-cell activation was monitored and correlated with the observed cytotoxicity ( Fig. S4 C and D) .
Next, the in vivo antitumor efficacy of bsIgG1-N297Q-CD3×HER2 169 was evaluated in an adoptive transfer xenograft model, in which freshly isolated human PBMCs and NCI-N87 gastric carcinoma cells were coinjected s.c. into the flank of NOD-SCID mice. Single antibody doses ranging from 0.05 to 4 mg/kg were administered i.v. 1 h thereafter and tested in parallel to negative controls. The analysis demonstrated that doses of 0.5 or 0.05 mg/kg bsIgG1-N297Q-CD3×HER2 169 in combination with PBMCs from two separate donors were able to inhibit tumor growth compared with bsIgG1-N297Q-CD3×b12 control groups (Fig. 5 B and C) . Together, these data demonstrated that bsIgG1-N297Q-CD3×HER2 169 was capable of (re)targeting T cells to HER2-positive tumor cells and induce HER2-dependent T-cell activation and tumor killing.
A second dual-targeting approach combines HER2-specific mAbs to nonoverlapping epitopes and showed enhanced antitumor effects in experimental animal models in vivo (36, 37) and in the clinic (38) . Here we evaluated the efficacy of targeting two nonoverlapping HER2 epitopes by a single agent: bsIgG1-HER2 153 ×HER2 169 . As enhanced receptor down-modulation is thought to be a key mechanism in this approach, this activity was first confirmed in vitro (Fig. S5) . Next, in vivo antitumor efficacy of bsIgG1-HER2 153 ×HER2 169 was evaluated in a therapeutic NCI-N87 xenograft model, in which NOD-SCID mice were treated with 40 and 20 mg/kg of antibody on days 7 and 14, respectively. In this model, bsIgG1-HER2 153 ×HER2 169 was significantly better than the combination of IgG1-HER2 153 and IgG1-HER2 169 in inhibiting tumor growth (Fig. 5 D and E) . 
Discussion
Whereas most strategies to create bsAbs by design are based on genetic fusion or coexpression of two antigen binding moieties, one of nature's solutions to generate bispecificity involves the swapping of antigen binding arms (HL pairs) between individually expressed mAb molecules (19, 21, 39) . Using this basic principle, we devised a method in which separately expressed mAbs efficiently recombine to form stable bsIgG1 molecules through cFAE. In this method, the recombination of antigen binding arms is driven by matched point mutations, introduced in IgG1, which weaken the noncovalent CH3-CH3 interaction enough to allow dissociation of each homodimer on reduction of the hinge disulfide bridges in vitro. At the same time, the matched point mutations strongly favor heterodimerization, thus promoting bsIgG1 end product yield and postexchange stability on reoxidation of the hinge. The use of a WT IgG1 hinge, resistant to reduction under physiological conditions in vivo (21) , further adds to the postexchange stability of the bsIgG1 end product.
Mutations promoting H chain heterodimerization by various methods have been described previously by others (7, 10, 11, 40, 41) . In those cases, however, multiple mutations in at least one of the H chains were required. Surprisingly, using the cFAE strategy, a matched set of single point mutations was enough to achieve at least the same level of efficiency, and multiple matching sets were identified (Figs. 1 and 2) . The fact that the equilibriums involved can be controlled more precisely during in vitro exchange compared with the intracellular conditions during coexpression may have contributed to these results. As the matched mutations are few in number and located at the CH3-CH3 interface, distal from sites interacting with effector functions, it is not surprising that WT IgG1 functionality is retained in bsIgG1 (Fig. 4) . Furthermore, compatibility with additional Fc modifications (e.g., N297Q) and human IgG2, IgG3, and IgG4 backbones (Fig. S6) suggests that cFAE is broadly applicable.
The major advantage of a separate expression approach is that the need for common L (or H) chains to improve product yield and homogeneity becomes superfluous while original VH-VL pairings are maintained, thus potentially increasing the exploitable repertoire of parental mAbs. An additional advantage may be that in combination with simple mixing grids for parental mAbs, high-throughput generation and screening of bsAbs become more manageable (Fig. S7) , increasing the chance of discovering effective dual-targeting candidates.
Because critical steps for cFAE are compatible with routine operations for industrial production of regular human IgG1, this method appears highly suitable for large-scale manufacturing. This suitability was confirmed by large-scale implementation of the bench-scale protocol without elaborate optimization or loss of product quality ( Fig. 3; Fig. S3 ). Additionally, potential undesired byproducts were not detected (e.g., swapped L chains), further confirming the robustness of the process, although full validation will require more detailed and sensitive analyses on a product by product basis.
Targeting T cells to HER2-positive tumors by means of bsIgG1-N297Q-CD3×HER2 169 induced HER2-dependent T-cell activation and effective tumor killing ( Fig. 5; Fig. S4 ). Despite the presence of the N297Q mutation to preclude Fc receptor-mediated cross-linking, potentially contributing to cytokine release syndrome (42), some evidence for T-cell activation by the bsIgG1-N297Q-CD3×b12 control antibody was observed at higher concentrations (Fig. S4) . This activation suggests that for this application, a (bs)IgG1-N297Q backbone may not be silent enough, as also demonstrated by others (43) , and alternative nonactivating backbones should be evaluated.
The success of targeting HER2 with two distinct mAbs has been attributed to various factors, including enhanced receptor down-modulation (36, 37) . In the present study, a single bsAb combining two nonoverlapping HER2 binding specificities was as effective in down-modulating HER2 in AU565 cells in vitro as the mix of parental mAbs (Fig. S5) . Surprisingly, however, bsIgG1-HER2 153 ×HER2 169 showed superior efficacy compared with the combination of IgG1-HER2 153 and IgG1-HER2 169 in a NCI-N87 human gastric cancer xenograft model in vivo. It may thus be difficult to predict how bsAbs will act based on the antitumor mechanisms of a single or even the combination of parental mAbs. This superior activity does, however, suggest that some antibody pairs may benefit more from a bsAb approach than from a combination strategy.
In summary, using cFAE to create bsIgG1 ensures a proper in vivo half-life, intact Fc effector functions, and good manufacturability while retaining a regular IgG structure. Compatibility with 3 ) (E). The experiment was repeated twice with similar results. Statistical significance was determined by one-way ANOVA (Tukeys multiple comparison) in B-D and by log-rank Mantel-Cox analysis in E (*P < 0.05; **P < 0.01; ***P < 0.001).
other subclasses and Fc modifications suggest that this method can be universally applied to produce bsAbs.
Materials and Methods
Parental antibodies were cloned, expressed and purified as described in SI Materials and Methods. The bispecific antibodies were generated by controlled Fab-arm exchange at both bench and manufacturing scale and subjected to extensive biochemical and physicochemical characterization (details in SI Materials and Methods). Bispecific antibodies were functionally compared to wild-type IgG1 in several in vitro and in vivo assays assessing Fc-mediated effector functions and pharmacokinetic properties (details in SI Materials and Methods). In vivo xenograft studies were carried out to demonstrate efficacy of bispecific antibodies in dualtargeting approaches.
